We use density functional theory (DFT) calculations to explore different polymorphs of a new class of two-dimensional (2D) materials commonly known as MXenes which are primarily carbides and nitrides of transition metals. The stability of the M 2 X, M 3 X 2 , and M 4 X 3 polymorphs in their bare and functionalized forms is assessed via the calculated standard heat of formation. We find that most of the MXenes are metallic and we investigate their performance as electrocatalysts for the hydrogen evolution reaction (HER) using the free energy of hydrogen adsorption at equilibrium coverage as an activity descriptor. For a given type of metal, we find that the hydrogen adsorption energy can vary by up to 0.5 eV depending on the number of metal layers in the structure, suggesting that the catalytic activity of MXenes can be tuned by controlling the layer thickness. Based on a combined stability and activity analysis of 72 different MXenes, we identify several new promising non-precious HER electrocatalysts.
Introduction
To limit the emission of green house gases from fossil fuels, the development of viable alternative energy resources that can replace the carbon based fuels is becoming increasingly important. In addition to chemical-free resources like photovoltaics, thermoeletrics and geothermal power, carbon-free chemical fuels are required for efficient energy storage and for production of materials and chemicals in general. Despite being the simplest of chemicals, hydrogen plays a key role in energy production (e.g. fuel cells) as well as in reduction processes in chemical synthesis. However, an economically viable and efficient process to generate hydrogen is still not fully developed. One of the main bottlenecks for efficient hydrogen production is the lack of a cheap and efficient catalyst. To date, platinum is the most widely used catalyst for the hydrogen evolution reaction (HER). While being very active and efficient with a low overpotential for the HER, the sustainable and large scale usage of platinum is hampered by its cost. It is therefore essential to find a cost-effective alternative 2 to platinum.
One promising strategy for discovering new catalysts is computational screening by which the performance of a large number of potential catalyst materials is assessed by firstprinciples calculations before the most promising candidates are selected for experimental synthesis. This approach is often based on the concept of descriptors, i.e. simple quantities that can be easily calculated from first principles and which correlate directly with more complex properties that govern the performance of the catalyst. For example, the adsorption free energy of hydrogen is a descriptor for the HER activity while the heat of formation is a descriptor for the stability of the catalyst. [1] [2] [3] [4] [5] Among numerous classes of materials which might replace platinum for the HER, some atomically thin two-dimensional (2D) materials have shown promising results. [2] [3] [4] [5] [6] A unique feature of the 2D materials is that their extreme thinness makes it relatively easy to tune their properties, e.g. via mechanical strain, substrate effects, edge or defect engineering, ion intercalation/doping. 3, [7] [8] [9] [10] [11] [12] Additionally, the rapid ramification of the family of 2D materials is continuously expanding this class of materials opening new opportunities for HER catalysis. 3, [7] [8] [9] [10] [11] [12] A newly discovered class of 2D materials comprising carbides and nitrides of transition metals, also known as 'MXenes', has shown promise for various energy applications. [13] [14] [15] [16] [17] So far, the MXenes have mainly been explored for their prospective application in lithium/sodium ion batteries. Very recently, a joint experimental and theoretical study has also shown promises for the application of MXenes as HER catalysts. 18 While the study by Seh et al. was focused on MXenes containing one metal layer in the structure, the present work considers a broader range of metals and explores how the thickness of the layers can be used to tune the catalytic properties of the MXenes. 19 The possibility of controlling the thickness of the covalently bonded 2D layer is unique to the MXenes and increases the design flexibility compared to other well known 2D materials such as the transition metal dichalcogenides (TMDs).
In this work, we perform a computational screening of the stability and catalytic activity for HER of MXenes of the type M 2 X, M 3 X 2 , and M 4 X 3 (M: transition metal; X: N,C) in both their bare and functionalized forms. The stability is assessed via the standard heat of formation (∆H) whereas the catalytic activity towards HER is evaluated using free energy of hydrogen adsorption (∆G H ) as a descriptor. 4, 20 We select transition metals guided by previous experimental works on MXenes which may be potentially synthesized; the list of the selected transition metals is shown in Figure 1 . Additionally, we explore the role of using O, OH, and F as functional groups on the stability of MXenes. The rationale to use O and OH is the solvothermal synthesis of MXenes under acidic condition which will have O/OH present to passivate the surface. 15 Additionally, the passivation with F is due to the fact that the synthesis of MXenes is usually carried out by etching out certain elements from the structure using hydrofluoric acid (HF); therefore, it is likely that fluorine will be present to functionalize the surface. 15 We find that functionalization with O is thermodynamically preferred and therefore we limit the subsequent study of HER activity to O functionalized MXenes. Our calculations show that hydrogen adsorption on the MXenes depends sensitively on the number of metal layers suggesting that the layer thickness can be used as a means to control the catalytic activity. Based on the thermodynamic stability and free energy of hydrogen adsorption we propose a list of promising MXenes for further experimental investigation.
Computational Methodology
All the calculations were performed with the GPAW electronic structure code, which is based on the projector augmented wave (PAW) method. 21 The lattice constants and heat of formation were calculated using the PBE exchange-correlation functional 22 along with the fitted elemental reference phase (FERE) scheme to improve the description of the heat of formation. 23, 24 The calculation of adsorption energies was carried out using the RPBE We first address the thermodynamic stability of the MXenes using the heat of formation, ∆H, as a descriptor. In addition to ∆H, other factors like the effect of the cell potential and separation into other competing phases, might also play a role for the stability, but we do not consider these in the present study. 
In the expression above, H + and H * denote the proton and adsorbed hydrogen, respectively.
The subsequent step in the Volmer-Tafel mechanism is,
whereas in the Volmer-Heyrovsky mechanism the second step is,
Assuming that H + and H 2 are in equilibrium (i.e. the potential equals the reversible hydrogen electrode), the energy of the intermediate state H * provides an effective thermodynamic barrier for the reaction in both the mechanisms. This suggests that in order to have a zero thermodynamic barrier for HER, the optimum free energy of adsorption, ∆G H , must 7 be zero. Therefore, the equilibrium coverage of the surface under the reaction conditions, i.e. at the lowest potential at which the reaction runs, is the one that minimises the HER overpotential i.e. |∆G H |. The overpotential is defined as the absolute value of the difference of free energy of hydrogen adsorption and the optimum free energy for HER which is 0 eV. Table 1 provides an overview of all the investigated MXenes together with the calculated heat of formation, free energy of hydrogen adsorption, and the electronic character of the MXene (metallic or semiconducting). For many compounds there is a striking variation in the hydrogen adsorption energy with layer thickness. Specifically, ∆G H can vary by more than 0.5 eV between MXenes containing one and three metal layers. Unfortunately, no clear dependence of adsorption energies on the layer thickness is observed. For example, in vandium carbides the adsorption energy decreases as the thickness is increased whereas the niobium and tantalum carbides which belong to the same group as vanadium do not manifest the similar trend. However, the optimum thickness for a particular material obtained with the calculations give the information of the thickness of the material needed to be synthesized 9 thus reducing experimental effort.
In Ref.
18 the overpotential for HER on Mo 2 CO 2 and Ti 2 CO 2 was measured to be ∼0.35
V and ∼0.8 V, respectively. In comparison based on the calculated |∆G H |, we obtain values of 0.35 V and 0.4 V, respectively. Our result for Mo 2 CO 2 agrees well with the measured overpotential of 0.35 V, while it differs slightly from the calculated value in the same paper.
In the case of Ti 2 CO 2 the measured overpotential of ∼0.8 V is higher than our predicted value of 0.4 V, which agrees with the DFT calculations in Ref. 18 . We note that while our DFT calculations predict most of the MXenes to be metallic (including Mo 2 CO 2 ), Ti 2 CO 2 is found to be semiconducting with a PBE band gap of 0.4 eV. The non-metallic nature of Ti 2 CO 2 suggest that the origin of the larger overpotential measured experimentally could be related to transport losses. Finally, we note that the scanning electron microscope (SEM)
images of the MXenes samples in Ref. 18 show relatively large opaque particles which might indicate that the catalysis was not taking place on individual monolayers sheets as assumed in our study. This could be an alternative explanation for the observed disagreement between experiments and theory in the case of Ti 2 CO 2 .
In the discussion above we emphasized that the thermodynamic stability and the free energy of hydrogen adsorption on the MXenes play a crucial role in determining their suitability for HER. In Figure 5 we show the MXenes with negative heat of formation and |∆G H | ≤ 0.5 eV. The circled data points show compounds having |∆G H | ≤ 0.1 eV. Among these "best candidates" we find several Cr compounds of different layer thicknesses making the chromium MXenes particularly interesting to explore further for HER. The best candidates are highlighted in Table 1 .
Conclusion
In summary, we have explored a broad class of transition metal carbide and nitrides as electrocatalysts for the hydrogen evolution reaction (HER). Based on the calculated heat of formation we find that most of the MXenes are unstable in absence of functionalizing agents passivating the surfaces. However, functionalization of the MXenes with species which are present during their synthesis enhances the thermodynamic stability. We find that functionalization with oxygen is favored in most cases, and the oxygen passivated MXenes were explored for the HER at different coverages of hydrogen. Using free energy of hydrogen adsorption as a primary descriptor we found that the thickness of the covalently bonded
MXene monolayers play an important role and can be used to tune the activity of MXenes for the HER. Our screening procedure identified a number of promising MXenes with good stability properties and predicted high activity for HER.
